Abstract-When sediments are found to be toxic usually there is a mixture of chemicals present. Often it is important to establish which chemicals contribute to the toxicity. Establishing causality can be difficult and often requires fractionation with subsequent toxicity testing. The sample collection and manipulation process can alter chemical bioavailability and toxicity. An in situ toxicity identification evaluation (iTIE) chamber is described that was placed in sediments and fractionated pore-water chemicals into nonpolar chemicals, metals, and ammonia-type groups. This method was field tested and compared to the laboratory-based, U.S. Environmental Protection Agency (U.S. EPA) toxicity identification evaluation (TIE) method. Field studies were performed at three sites contaminated primarily with polycyclic aromatic hydrocarbons (PAHs) (Little Scioto River, OH, USA), polychlorinated biphenyls (PCBs) (Dicks Creek, OH, USA), and chlorobenzenes (Sebasticook River, ME, USA). Both the iTIE and the U.S. EPA TIE methods used Daphnia magna in 24-h exposures. Although the iTIE and TIE were conducted on sediments from the same location, there was significantly more toxicity observed in the iTIE testing. The dominant chemical classes were separated by the iTIE method and revealed which fractions contributed to toxicity. The loss of toxicity in the TIE approach did not allow for subsequent fractionation and stressor identification. Advantages of the iTIE over the TIE method were greater sensitivity and ability to detect causative toxic chemical fractions; lack of sediment collection and subsequent manipulation; and, thus, reduction in potential artifacts, more realistic exposure with slow, continual pore-water renewal in situ, ability to evaluate pore waters in sandy or rocky substrates where pore waters are difficult to collect, and a quicker phase I evaluation. Limitations of the iTIE method as compared to the TIE methods were extensive pretest assembly process, fewer phase I fractionation possibilities, and restriction to shallow waters. The results of these studies suggest that the iTIE method provides a more accurate and sensitive evaluation of pore water toxicity than the laboratory TIE method.
INTRODUCTION
The U.S. Environmental Protection Agency (U.S. EPA) developed a biologically based fractionation scheme for identifying the primary toxicants in effluents, known as the toxicity identification evaluation (TIE) approach [1] . This three-phase approach fractionates the sample into various physical and chemical components through a multistep, multiday process. A draft U.S. EPA method also was developed for sediment pore waters and there has been research on whole sediment TIE methods [2, 3] .
It has been well documented that the process of sediment collection, transport, storage, and manipulation for chemical and toxicological testing can alter sediment chemistry and toxicity [4] [5] [6] [7] [8] [9] . This raises concerns over whether or not the many manipulations that occur in the TIE process may be significantly altering the toxicity of the sample, thereby raising the uncertainty of the applicability of the results. By testing sediments in situ, the alterations that arise from sample collection, transport, and manipulation are reduced; therefore, the results of the assessment are likely more accurate [6, 10] .
In part I of this series, the in situ toxicity identification evaluation (iTIE) method was described and demonstrated with three indicator chemicals in the laboratory [11] . Through the use of zeolite, Chelex (Bio-Rad Laboratories, Hercules, CA, USA), and Ambersorb resins (Sigma Aldrich, St. Louis, MO, USA), ammonia, cadmium, and fluoranthene were separated effectively, allowing for identification of the dominant toxicant group. The objectives of the study reported here in part II (field validation) were to validate the iTIE method by testing at three sites with differing sediment contaminants and compare to the U.S. EPA TIE method.
MATERIALS AND METHODS

Study site descriptions
Field evaluations of the iTIE method were conducted on three streams. These streams received a variety of chemical stressors and were located in watersheds with differing land uses.
The East Branch of the Sebasticook River is located in southeastern Maine, in the Lower Kennebec watershed, flowing though the town of Corinna, Maine (USA). This study site was located in the vicinity of the former Eastland Woolen Mill. The East Branch of the Sebasticook River flows under the mill and the study site is flanked by a moderate riparian zone [12] . The predominant land uses of the surrounding area towns of Corinna and Dexter are residential and agricultural. The chlorobenzene-contaminated stations were numbers 18 and 23. At these sites the streambed primarily consisted of cobble and gravel overlying bedrock. The reference (station 91) was located on the Pisataquis River (near Abbot Village, ME, USA), a tributary of the Kingsbury River. This reference station was located in a densely forested watershed and the streambed consisted primarily of cobble and boulders with large depositional areas of coarse sand.
The Little Scioto River flows near Marion, Ohio (USA). [14] . The two known contaminated stations were named the Beaver Dam (RM 2.0) and Amanda School (RM 1.63). The reference station was known as the Confluence (RM 5.26) and was upstream of detected PCB seeps. The primary land uses in the upstream watershed are agricultural and residential with some forested areas. The streambed consisted of approximately 20 to 30 cm of surficial sediment ranging from primarily gravel to fine sand in Confluence and Beaver Dam to silty in a depositional area at Amanda School.
Study design
In general, for each iTIE field study, exposure chambers were deployed for 24 h at two known contaminated stations and one reference station. Daphnia magna controls were maintained in the laboratory during the 24-h field exposure period. If the study included a TIE, sediments were collected from one of the contaminated stations where the iTIE chambers were deployed. These sediments were transported to the Wright State University laboratory (Dayton, OH, USA) where pore water was extracted for use in the TIE. The TIE and iTIE studies were conducted simultaneously. At test end, D. magna survivals in the iTIE and TIE study treatments were compared.
Daphnia magna were cultured following U.S. EPA methods [15] . Culture and test water used in laboratory controls was a mixture of Perrier water and deionized water (referred to as diluted mineral water [DMW]) at a 2:8 ratio, to a hardness of approximately 100 to 150 mg/L CaCO 3 .
Test resins were soaked and washed in DMW for several days. At least 24 h prior to test initiation, iTIE chamber columns (see Fig. 1 in the companion paper [11] ) were packed with treatment resins/zeolites and the iTIE exposure chambers soaked in DMW overnight. The following morning, air was purged from each chamber column and ten 5-d-old D. magna were added to each exposure chamber (35-ml volume). For each of the sites, four replicates of each of four treatments were prepared: Ambersorb for nonpolar adsorption, Chelex for metals chelation, Pond Care zeolite (Aquatic Pharmaceuticals, Knoxville, TN, USA) for ammonia removal, and pore water (no treatment). This resulted in 16 iTIE chambers that were placed in a cooler containing DMW water to cover the iTIE chambers during transportation to the sites.
Each iTIE chamber was inserted into the sediment, burying the pipette tip, and then airlines and air pumps were attached, pumps started, and flow rates regulated to approximately 25 ml of pore water being drawn per hour. Surface and iTIE water samples were collected at each station and placed on ice. Water quality parameters and station conditions were measured at test initiation and end, including temperature, dissolved oxygen (DO), pH, hardness, alkalinity, ammonia, turbidity, and conductivity.
Controls for each iTIE treatment were maintained in the Wright State University laboratory. These controls also contained ten 5-d-old D. magna and were placed in iTIE units in an aquarium containing DMW water; pumps were turned on and flow rates were adjusted. Water quality parameters were measured and recorded at test initiation and end.
After a 24-h exposure, iTIE chambers were collected from each station, placed in a cooler, and covered with station water. The chambers were then transported to the laboratory. The water collected in each iTIE exposure chamber was poured into a crystallizing dish and D. magna enumerated. The iTIE chamber water remaining in each crystallizing dish after D. magna removal was composited by treatment in amber glass bottles and refrigerated for analysis.
Sediment collection and analysis
Sediments were collected at a contaminated station and a reference station immediately adjacent to the iTIE units. Samples were collected in glass jars using clean stainless steel scoops. Sediment samples were placed on ice, transported to the Wright State University laboratory, and shipped to the contract laboratory for chemical analysis. For the Sebasticook River site, Harding Lawson Associates (Portland, ME, USA) analyzed sediments for semivolatile organic chemicals, pesticides, and metals. For the Little Scioto River, PAHs were analyzed by Belmonte Environmental Laboratories (Dayton, OH, USA). At Dicks Creek, PCBs, PAHs, and metals were measured by Brookside Laboratories (New Knoxville, OH, USA). All sediment chemical analyses followed U.S. EPA standard methods. Also, at the contaminated station, approximately 3 kg of sediment was collected for use in the laboratory TIE. The TIEs were performed on sediments from the contaminated stations on the Little Scioto River (Hwy 95) and Dicks Creek (Amanda). Due to the large particle size of the Sebasticook River sediments, no TIE was conducted.
TIE experimental design
Upon return to the laboratory, the sediments collected for the TIE were centrifuged immediately at 4ЊC, 10,000 g for 20
In min to extract the pore water. Duplicate serial dilutions (100%, 50%, 25%, 12.5%, 6.25%, and DMW control) of the extracted pore water were mixed in 30-ml plastic cups using DMW water. The TIE phase I approach used in this study followed modified U.S. EPA methods for sediment pore-water evaluation [1, 11] . If initial acute toxicity was detected (within 24 h of sample receipt) in the pore water, then subsequent treatments included baseline ambient pore water, pH adjusted with aeration, pH adjusted with filtration, pH adjusted with C 18 filtration, thiosulfate addition, and ethylenediaminetetraacetate addition fractionations. After serial dilutions were completed, the initial toxicity test of the TIE was initiated immediately. 
Data analysis
Differences in D. magna survival due to treatment were considered significant if p Յ ␣ ϭ 0.05 analysis of variance [16] . If these values were not independent, then Tukey's studentized range test was applied to the data to determine significance in treatments (including stations) on survival. Survival values are reported as mean survival Ϯ standard deviation.
RESULTS AND DISCUSSION
Sebasticook River
Concentrations of the chlorinated benzene, 1,2,4-trichlorobenzene were elevated to 44 and 21 ug/kg at stations 18 and 23, respectively. These levels were below the sediment quality guidelines (SQGs) for trichlorobenzene acute toxicity (91 ug/ kg) [17] . However these levels were above the New York Department of Environmental Conservation Chronic Toxicity SQG (9.1 ug/kg). Therefore, the sediment chemistry samples suggest that toxic levels of chlorobenzenes exist in the East Branch of the Sebasticook River below the Eastland Woolen Mill. Bioaccumulation studies showed levels of di-and monochlorobenzenes in Lumbriculus variegates exposed in situ to surficial sediments up to 86.15 mg/kg at station 18 [12] . No chlorobenzenes were detected at the reference station 91. In addition, the pesticide endosulfan was detected in reference station 91 sediments at 2.5 ug/kg, as compared to 5.3 and 8.5 ug/kg at stations 18 and 23, respectively. The Zn sediment concentrations ranged from 100 to 395 mg/kg at the three stations.
Survival was improved by the Amersorb and Chelex treatments at all stations (Fig. 1 ). Significant differences ( p ϭ Ͻ0.0001) in survival existed between treatments at all stations. The best survival was in the Ambersorb treatment, which was similar to laboratory controls, and differed significantly from pore water, zeolite, and Chelex treatments at all three stations. The iTIE chamber station 18 survivals were Ambersorb 87% (Ϯ12), Pond Care zeolite 53% (Ϯ32), Chelex 60% (Ϯ17), and pore water 37% (Ϯ32). At station 23 survivals were Ambersorb 97% (Ϯ6), zeolite 67% (Ϯ12), Chelex 83% (Ϯ6), and pore water 57% (Ϯ6). At the reference station 91, survivals were Ambersorb 85% (Ϯ6), zeolite 75% (Ϯ10), Chelex 90% (Ϯ8), and pore water 65% (Ϯ13). Daphnia magna laboratory control mean percent survival was 93% (Ϯ0).
The nonpolar compounds (e.g., chlorinated benzene) apparently were removed by the Ambersorb treatment. The chlorobenzene exposure levels were linked to in situ toxicity in simultaneous in situ toxicity testing [12] . The reference station sediments had evidence of some pesticide and low-level metal exposures, which may account for the improved survival in the Ambersorb and Chelex treatments. Zinc metal concentrations were near low to probable effect SQG thresholds and survival was improved in the Chelex treatments. Though the differences were not significant, the zeolite treatment survival rates were lower than the Chelex survivals, but were higher than the pore water-only treatment at station 91. The slightly improved survivals in the Chelex and zeolite treatments also may be a result of some degree of nonspecific sorption of nonpolar organics as observed in laboratory validation studies [11] .
Little Scioto River
Significant differences in survival existed between controls and the zeolite, pore, and Chelex treatments from Highway 95. However, there was no significant difference between Ambersorb, controls, and TIE treatments. Polycyclic aromatic hydrocarbons of 48 mg/kg were detected in the Highway 95 sediments and none were detected in the Pleasant Hill reference station sediments. At the Highway 95 station, the in situ iTIE chamber exposures survivals were Ambersorb 87% (Ϯ5), Pond Care zeolite 73% (Ϯ5), Chelex 45% (Ϯ19), and pore water 50% (Ϯ10) (Fig. 2) . At station 203 survivals were Ambersorb 67% (Ϯ5), zeolite 63% (Ϯ15), Chelex 63% (Ϯ9), and pore water 70% (Ϯ8). At the Pleasant Hill upstream reference station, survivals were Ambersorb 87% (Ϯ5), zeolite 73% (Ϯ5), Chelex 57% (Ϯ2), and pore water 63% (Ϯ10). The Highway 95 TIE initial test showed no toxicity (80% Ϯ 0).
Previous testing consistently has shown acute sediment toxicity existing at Highway 95 ( [18, 19] ; G.A. Burton, unpublished data). However, the laboratory TIE 100% extracted pore-water exposure showed no toxicity. If sediment toxicity were being evaluated based on sediment quality guidelines or the TIE results, then the conclusion would be that no toxicity exists. However, the iTIE acute exposures suggested that nonpolar organics likely were the contaminant class of concern for the D. magna at Highway 95. At station 203 there were no significant differences between treatments; while at the upstream reference survival was improved by the Ambersorb treatment. The upstream reference receives runoff from a large agricultural watershed and likely is exposed to a variety of agrichemicals, which may have been removed by the Ambersorb treatment.
Dick's Creek
The Amanda School sediments analysis measured 24.86 mg/kg total metals and 0.11 mg/kg PCBs. The Confluence sediment sample analysis had 0.78 mg/kg total PAH, 21.1 mg/ kg total metals, and no PCBs. At the Beaver Dam station the in situ iTIE chamber survivals were Ambersorb 87% (Ϯ6), Pond Care zeolite 73% (Ϯ6), Chelex 63% (Ϯ15), and pore water (no treatment) 50% (Ϯ10). At Amanda, survivals were Ambersorb 80% (Ϯ0), zeolite 63% (Ϯ6), Chelex 43% (Ϯ6), and pore water 20% (Ϯ2). At the upstream Confluence, survivals were Ambersorb 100% (Ϯ0), zeolite 67% (Ϯ12), Chelex 80% (Ϯ10), and pore water 47% (Ϯ38). The TIE initial test survival was 80% (Ϯ0).
Daphnia magna survival at all stations was affected adversely in the treatments other than the Ambersorb treatment (Fig. 3) . The Ambersorb survival rates at all test stations were comparable to controls and significantly different from the other three iTIE treatments at both Amanda and Beaver Dam stations. Also, there was a significant difference between Amanda and Confluence stations. Semivolatile organic compounds and metals also were detected at these stations, although the metals levels should not have affected the D. magna survival (hardness ϳ300 mg/L CaCO 3 ). The semivolatile organic compounds, however, could have impacted survival in treatments other than the Ambersorb. These acute exposures suggested that nonpolar organics likely were the contaminant class of concern.
CONCLUSION
Field tests were performed at known contaminated stations and reference stations. The Ambersorb treatments were effective at removing dominant nonpolar contaminants at the three test sites, as identified by chemical and toxicity testing. However, the laboratory U.S. EPA TIEs for both Dick's Creek and Little Scioto River showed no initial pore water toxicity. Field tests suggested that the iTIE system effectively fractioned specific chemical groups from sediment pore water. Limitations of the present iTIE method are extensive initial assembly time, deployment restricted to moderate flow and wadeable environments, and some cross-sorption of nontargeted compounds on other treatment resins [3, 11] . Advantages of the iTIE method are that it requires minimum manipulation of sediments; it is conducted in situ, allowing for temporal variability with continual renewal over the exposure period; the chemicals are fractionated to help determine the primary toxicant(s) of concern; and it can be used for both sediments (pore waters and groundwater upwelling) and surface waters. Conversely, in the TIE method, samples are manipulated through collection, transport, and extraction (e.g., centrifugation) and the sample pore water is not renewed for the 24 to 48 h of the test. All of these characteristics promote the potential for significant sample alteration of chemical bioavailability and toxicity [9, 20] . The in situ exposure reduces disruption of the sediment integrity. This is particularly important when contaminants are labile or volatile and when toxicity easily can be altered or removed, which rarely is known a priori. The method appears better able to detect pore-water toxicity than the laboratorybased TIE method and may be useful for the hazard-and riskassessment process.
